Cell suspensions of the model legume Medicago truncatula accumulated the isoflavonoid phytoalexin medicarpin in response to yeast elicitor or methyl jasmonate (MJ), accompanied by decreased levels of isoflavone glycosides in MJ-treated cells. DNA microarray analysis revealed rapid, massive induction of early (iso)flavonoid pathway gene transcripts in response to yeast elicitor, but not MJ, and differential induction by the two elicitors of sets of genes encoding transcription factors, ABC transporters, and ␤-glucosidases. In contrast, both elicitors induced genes encoding enzymes for conversion of the isoflavone formononetin to medicarpin. Four MJ-induced ␤-glucosidases were expressed as recombinant enzymes in yeast, and three were active with isoflavone glucosides. The most highly induced ␤-glucosidase was nuclear localized and preferred flavones to isoflavones. The results indicate that the genetic and biochemical mechanisms underlying accumulation of medicarpin differ depending on the nature of the stimulus and suggest a role for MJ as a signal for rapid hydrolysis of preformed, conjugated intermediates for antimicrobial biosynthesis during wound responses.
M
any plant natural products have antimicrobial or antiinsect activity in vitro, and genetically reducing or increasing levels of certain natural products can reduce or enhance resistance or tolerance to microbes or pests (1) (2) (3) . Antimicrobial plant natural products have been classified as phytoanticipins, which are preformed inhibitory compounds, or phytoalexins, which are derived from often distant precursors via de novo synthesis in response to microbial challenge (4) .
Consistent with de novo synthesis of phytoalexins, many studies have documented rapid activation of their diverse biosynthetic genes in response to fungal or bacterial infection of plant organs or treatment of plant cell cultures with microbialderived elicitor molecules (5-7). However, some reports fail to demonstrate a link between phytoalexin accumulation and increased transcription of related biosynthetic genes (e.g., ref. 8) . Utilization of additional approaches such as determination of metabolite levels and/or enzymatic activities might help explain the rare cases in which phytoalexin induction is observed in the apparent absence of changes at the transcriptional level.
Some natural products, for example, isoflavonoids and triterpenes, show activity against both microbial and insect challengers of the plants that produce them (9) (10) (11) . Root-derived cell suspension lines of the model legume Medicago truncatula studied previously accumulated the isoflavonoid-derived pterocarpan phytoalexin medicarpin in response to treatment with yeast elicitor (YE), and triterpene saponins after exposure to the wound signal methyl jasmonate (MJ) (12) (13) (14) . To investigate the different molecular mechanisms underlying metabolic responses to pathogen and wound signals, we have used an integrated transcriptome/metabolome analysis of a different root-derived Medicago cell suspension culture line that accumulates medicarpin in response to both YE and MJ. This culture was of the same genotype (A17) as the previously studied cultures and was propagated under the same conditions (13) , the only differences being the independent initial root explant and the passage number at which the experiments were performed. Surprisingly, transcript profiling analysis revealed that none of the genes encoding early enzymes of phenylpropanoid/isoflavonoid biosynthesis was induced before accumulation of medicarpin in response to MJ in this culture line, although the downstream pathway genes specific for medicarpin formation were induced by both treatments. MJ-inducible ␤-glucosidases were functionally characterized and shown to be active with (iso)flavonoid glycosides and therefore potentially involved in precursor mobilization for medicarpin biosynthesis. Our results suggest that MJ acts as a signal for the rapid deployment of preexisting intermediates into phytoalexin biosynthesis during wound responses.
Results

Metabolic Responses to YE or MJ.
Exposure of M. truncatula cells to YE resulted in a 15-fold increase in medicarpin levels, accompanied by increases in the levels of the intermediates isoliquiritigenein and liquiritigenin; smaller increases in the levels of the glycosides of the isoflavones daidzein, genistein, biochanin A, and formononetin were also observed [ Fig. 1 and supporting information (SI) Fig. 6 ]. The chemical identifications of the Medicago (iso)flavonoids are described elsewhere (14) , and further details of the temporal changes and metabolic interrelationships between the various compounds will be presented later (M.A.F., R.A.D., and L.W.S., unpublished data). In contrast, MJ induced an unexpected 36-fold increase in medicarpin, accompanied by decreased levels of glycosides and/or malonyl glycosides of the central isoflavone intermediates daidzein, formononetin, and 2Ј-hydroxyformononetin (Fig. 1) ; previous studies with a different cell culture line had not revealed significant accumulation of medicarpin in response to MJ (13) .
Transcriptional Responses to YE or MJ. Two microarray formats were used for transcript profiling as a cost-benefit compromise to allow for both temporal resolution [Operon 16K 70-mer oligonucleotide Medicago arrays (15) for analysis of 16 time points up to 48 h postelicitation with YE and 11 time points after exposure to MJ] and high analytical reproducibility (Affymetrix Medicago arrays with Ͼ61,200 probe features) for comparing 2-and 24-h elicited samples to corresponding controls. Overall, transcriptional changes in response to YE occurred early (before 15 h after elicitation), whereas the majority of changes in the MJ-treated cultures occurred later ( Fig. 2 A and B) . Many of the genes up-or down-regulated by YE were also regulated by MJ (Affymetrix analysis ; Fig. 2D ); this proportion was much smaller for the oligo array analysis (Fig. 2C) , as fewer transcripts passed the statistical analysis for elimination of false discoveries when compared with the Affymetrix data. Functional gene ontology analysis of up-regulated (SI Fig. 7 A-D) and down-regulated (SI Fig. 7 E-H) genes indicated that, overall, the responses to YE and MJ were similar.
Genes encoding transcription factors were more widely and rapidly induced by YE than by MJ (SI Fig. 7I and SI Table 2 ). Genes annotated as encoding ABC transporters were more widely induced by MJ than by YE at 24 h, although similar numbers were induced by either elicitor at 2 h. Many of the transporters up-regulated by YE were down-regulated by MJ and vice versa (SI Fig. 7J and SI Table 3 ). Among the 11 different classes of transcription factors analyzed, more members were up-regulated by YE than by MJ at 2h after elicitation, as clearly seen for the WRKY, MYB, and AP2 classes (SI Fig. 8A ), and more were down-regulated by MJ than by YE 24 h after elicitation (SI Fig. 8B ).
The complete Affymetrix data set is publicly available at ArrayExpresss (www.ebi.ac.uk/arrayexpress; ID ϭ E-MEXP-1092), and the oligo array data are available at the DOME database at the Virginia Bioinformatics Institute (http:// dome.vbi.vt.edu/mt).
YE, but Not MJ, Induces the Complete Medicarpin Biosynthetic Path-
way. The first enzyme of the phenylpropanoid pathway, Lphenylalanine ammonia-lyase (PAL), is currently represented by at least seven different unigenes in the M. truncatula Gene Index (http://compbio.dfci.harvard.edu/tgi/cgi-bin/tgi/gimain.pl?gudb ϭ medicago). Five of these genes were represented on the 16K oligo chip and were coordinately up-regulated (with maximum transcript levels at 2 h after elicitation) in response to YE (SI Fig. 9A ).
RT-PCR analysis of PAL tentative consensus (TC) 106671 confirmed this expression pattern (SI Fig. 9B ). Five of the PAL TC contigs on the oligo chip, plus two genomic sequences, were represented on the Affymetrix array. All seven of these genes were induced by YE (Fig. 1) . In contrast, none was induced by MJ, and several were repressed at 2 h after elicitation ( Fig. 1 and SI Table  4 ). Strong, rapid induction by YE, but lack of induction by MJ, was also observed for the single cinnamate 4-hydroxylase (C4H) gene, five of the eight genes annotated as encoding 4-coumarate CoA ligase, two chalcone reductases, and six chalcone isomerase (CHI) or CHI-like genes ( Fig. 1 and SI Fig. 9A ). One CHI-like gene (TC107065) was induced by MJ but not by YE. Eleven chalcone synthase (CHS) TCs were represented on the 16K oligo array, and 14 (five of which corresponded to TCs represented on the oligo array) on the Affymetrix chip. Most were induced by YE and down-regulated by MJ (Fig. 1, SI Fig. 9A , and SI Table 4 ). CHS TCs 106544 and 106537 were selected for additional analysis by RT-PCR (SI Fig. 9 B and C) . TC106537 transcripts were induced by MJ at 4 h after elicitation but then declined below control levels (SI Fig. 9C ).
The entry point into the isoflavonoid pathway leading to formononetin exists as a metabolon comprising three enzymes: 2-hydroxyisoflavanone synthase, 2-hydroxyisoflavanone 4Ј-Omethyltransferase, and 2-hydroxyisof lavanone dehydratase (2HID) (16, 17) (SI Fig. 6 ). 2HID has not been functionally characterized from Medicago, so we performed Blast search analysis of the Medicago Gene Index with the 2HID sequence characterized from Glycirrhiza echinata (18) . Four TCs were found having from 43% to 88% amino acid similarity to 2HID (SI Fig. 10 ), and three of the four were induced by YE (Fig. 1) . None of the genes annotated as encoding any of the three enzymes for formation of formononetin from liquiritigenin was induced by MJ ( Fig. 1 and SI Table 4 ). In contrast, many of the TCs annotated as encoding the remaining steps of medicarpin truncatula suspension cells. Green/red color-coded heat maps represent relative transcript levels of different gene family members determined with Affymetrix arrays (red, up-regulated; green, down-regulated). Data represent ratios of expression at 2 and 24 h between treatment and control. Yellow bars show metabolite levels in YE-treated cells, and blue bars show MJ-treated cells (fold-change followed by times after elicitation during which increases or decreases occur). Abbreviations for enzyme names are given in SI Fig. 6 . G, glucoside; GG, diglucoside; GM, malonyl glucoside; GT, glucosyltransferase; MT, malonyltransferase.
biosynthesis from formononetin (catalyzed by isoflavone 2Ј-hydroxylase, isoflavone reductase, and vestitone reductase) were regulated similarly by YE and MJ ( Fig. 1, SI Fig. 6 , and SI Table  4 ). Note that not all of these genes may be annotated correctly (see Discussion).
The differential transcriptional induction of early phenylpropanoid biosynthesis by YE might extend into supply of precursors from primary metabolism. For example, transcripts encoding enzymes of the shikimate/prephenate pathway for phenylalanine biosynthesis were generally more rapidly and strongly induced by YE than by MJ (SI Table 5 ), consistent with the YE-induced increase in shikimate levels in YE-treated Medicago cells (19) .
The YE-mediated induction of a complete set of biosynthetic pathway genes for medicarpin formation involving multiple isoforms of many of the enzymes, but induction of a complete set of pathway genes only for downstream conversion of formononetin in response to MJ, highlights the significance of the MJinduced depletion of preformed glucose conjugates of formononetin. These observations also implicate ␤-glucosidases in the mobilization of stored isoflavone glucosides during MJinduced medicarpin biosynthesis.
Differential Induction of ␤-Glucosidases by MJ and YE. Oligo array analysis revealed four TCs annotated as encoding ␤-glucosidases that were induced by MJ ( Fig. 3A and SI Fig. 9C ), and this was confirmed by Affymetrix array analysis (Fig. 3B) . Transcripts corresponding to TC106656 (glucosidase 1, G1) were induced by 2 h after exposure to MJ but were not induced by YE (SI Fig. 9 C and D). TC94967 (G2) was induced as early as 30 min after MJ or YE treatment, but induction was not sustained in response to YE.
Analysis of EST counts in the M. truncatula EST database indicated that G1 was the most highly expressed of the four glucosidases, and that all were most highly represented in cDNA libraries from root tissues [the major site of isoflavone metabolism in nonstressed Medicago plants (20) ] or MJ-induced cell cultures (SI Fig. 11 A) . Affymetrix array analysis confirmed that expression of all four ␤-glucosidases was almost exclusively in root tissues, with G1 and TC107558 (G3) also weakly expressed in seeds (SI Fig. 11B ).
Functional Analysis of Medicago ␤-Glucosidases. Phylogenetic analysis indicated that G1, G2, and G3 clustered with plant glucosyl hydrolases from both legume and nonlegume species, and that G4 was less closely related to these enzymes and more related to a ␤-glucosidase from wheat (SI Fig. 12 ). To determine the biochemical activities of the MJ-induced Medicago glucosidases, their ORFs were expressed in the yeast Pischia pastoris. Recombinant G1 and TC109932 (G4) were recovered from the soluble intracellular fraction, and G2 and G3 were recovered from the medium. We could not purify G3 and G4 by affinity chromatography, probably because of the inaccessibility of their His tag sequences. These enzymes were therefore assayed in crude yeast lysates. All four enzymes hydrolyzed the model substrate pnitrophenyl glucoside (pNPG). G1 showed a preference for flavone glucosides over isoflavone glucosides (although it was active with sissotrin, the 7-O-glucoside of biochanin A). G3 and G4 showed similar overall activities with both classes of compounds, and G2 preferred isoflavone glucosides such as ononin (formononetin 7-O-glucoside) ( Fig. 3 C and D and SI Fig. 13 B-G). Only G3 and G4 were active with flavonol and anthocyanidin 3-O-glucosides, and none of the enzymes could hydrolyze flavone or isoflavone 8-C-glucosides (SI Table 6 and SI Fig.  13 ). Importantly, all enzymes, except G1, were active with ononin and could therefore be involved in MJ-induced isoflavone mobilization for medicarpin biosynthesis.
Kinetic analyses were performed for G1 and G2 with pNPG and the 7-O-glucosides of formononetin, genistein, and apigenin. Both enzymes had high K cat /K m ratios for the artificial substrate pNPG, but the K m values were very high. The lowest K m was observed for G2 with genistin as substrate, and the highest K cat /K m ratio was observed for G1 with apigenin 7-O-glucoside (Table 1) . Subcellular Localization of Medicago ␤-Glucosidases. By computational analysis, G2 and G3 were predicted to exhibit vacuolar or extracellular localization. G4 might localize to microbodies (peroxisomes), and G1 might localize to microbodies or nucleus (SI Table 7 ). Modeling of G1 based on the structure of white clover (Trifolium repens) cyanogenic ␤-glucosidase (21) (with 55.6% amino acid sequence identity) revealed an unusually extended N terminus (Fig. 4K ). This ''tail'' contains the sequence PPKRKRPH, characteristic of nuclear localization signals for plant proteins (22) (23) (24) .
The ORFs of the four glucosidases were fused in-frame to the EGFP reporter gene, under control of a double cauliflower mosaic virus 35S promoter. Unfortunately, no fluorescence could be recorded for G2-or G3-EGFP fusions, probably because of the instability of the fusion proteins. G1 and G4 fusion constructs were bombarded into leaves of M. truncatula and tobacco and into Medicago suspension cells (unelicited or exposed to MJ for 4 h) on agar plates. The fusions were also introduced into tobacco by agro-infiltration. Free EGFP accumulated in the cytoplasm and nucleus, and multiple cytoplasmic strands could be seen traversing the vacuole (Fig. 4 A-C) . G1-EGFP localized to the nucleus in all tissues and treatments (Fig. 4 F-I ). In contrast, EGFP fluorescence was localized to the cytoplasm in tobacco cells bombarded with a fusion from which the first 108 aa of G1 had been removed, confirming the function of the N-terminal extension of this protein substrates. s ϭ substrate (glycoside) and p ϭ product (corresponding aglycone). G1 and G2 were assayed with purified enzyme, G3 was assayed with extract from cell medium, and G4 was assayed with cell lysates (see SI Text). Controls for G3 and G4 were from cells expressing empty vector. The basal rates of hydrolysis were presumably the result of activity of endogenous Escherichia coli hydrolases. for nuclear targeting (Fig. 4J) . In contrast, G4-EGFP localized to the cytoplasm, with a similar pattern to that of free EGFP (Fig. 4 D and E).
In view of the unexpected localization of G1, we analyzed the nuclear fractions from M. truncatula roots for the presence of (iso)flavonoids (we were repeatedly unable to obtain intact nuclei from cell cultures). Coumestrol and 4Ј,7-dihydroxyflavone (as the free aglycones) were the only (iso)flavonoid compounds present in nuclei. Interestingly, the levels of these two compounds in nuclei were much greater than in the soluble cytoplasmic/vacuolar fraction, whereas the more abundant glycosides of formononetin and medicarpin were found in the soluble/vacuolar fraction but not at all in the nuclei (SI Fig. 14) , consistent with their previously reported vacuolar localization (25) .
Discussion
M. truncatula cell suspension cultures exhibit very different qualitative, quantitative, and temporal responses to YE and MJ (13) . However, in the present cell culture line, both treatments induced medicarpin production. The overall response to YE was characterized by a massive accumulation of transcripts encoding nearly all of the currently identified genes annotated as encoding the enzymes that function in isoflavonoid biosynthesis upstream of formononetin, including enzymes of the shikimate pathway that provide phenylalanine as precursor. Most of these annotations are based on sequence identity alone, although several are experimentally supported for M. truncatula or orthologs in Medicago sativa (20, 26, 27) . The annotations of those few members of the above gene families associated with reactions downstream of formononetin that are seen to be induced by MJ in Fig. 1 are potentially suspect; for example, the products of 4CL-like genes may not use 4-coumarate as substrate (28, 29) . Likewise, of those genes upstream of formononetin that are not induced by MJ, recombinant TC100787 does not possess isoflavone 2Ј-hydroxylase activity despite its annotation (30) , and not all isoflavone reductase (IFR)-like genes encode proteins with IFR activity (31) .
The fact that most of the early flavonoid pathway genes were not induced (and in several cases were repressed) by MJ supports a novel genetic mechanism controlling precursor supply for MJ-induced medicarpin accumulation, featuring uncoupling of induction of the early and late branches of the pathway and provision of precursors for the late reactions by mobilization of preformed intermediates. The differential expression of transcription factor genes in response to YE or MJ in Medicago cell cultures provides a likely basis for this phenomenon.
Despite the concept that phytoalexins are derived from distant precursors through de novo synthesis (4), previous studies (25) have suggested that preformed glycosides may represent a precursor pool for phytoalexin biosynthesis. Such isoflavone mobilization into medicarpin was more pronounced if flux into the pathway was blocked by application of the PAL inhibitor L-␣-aminooxy-␤-phenylpropionic acid in chickpea and alfalfa cell cultures (25, 32, 33) . The nature of the signaling mechanism that senses flux through the phenylpropanoid and isoflavonoid pathways and translates this sensing into mobilization of vacuolar contents remains to be determined. MJ itself cannot be ruled out as a candidate.
The rapid induction of ␤-glucosidases by MJ paralleled the rapid response of medicarpin biosynthetic genes to YE. Three of the MJ-induced ␤-glucosidases were active with formononetin glucoside and therefore candidates for involvement in precursor mobilization for medicarpin biosynthesis. G2 preferred isoflavonoid over flavonoid glucosides, and G4, with a broad substrate preference, was down-regulated by YE. Other ␤-glucosidases have been shown to exhibit preference for specific (iso)flavonoid compounds, such as a set of chickpea isoenzymes possessing K m values for isoflavones of at least 100-fold lower than for other phenolic glycosides (34) , enzymes from white lupin roots that, like the Medicago enzymes, can cleave isoflavone glucosides but not kaempferol 3-O-␤-glucoside (35) , and an enzyme from soybean roots (GmICHG) that has very high specificity and turnover for gensitein and daidzein malonyl glucosides (36) . This enzyme is found in the cell wall fraction in soybean roots, and, of the Medicago enzymes reported here, is most closely related to G2 (70% at the amino acid level) (SI Fig. 12 ). Based on either confocal microscopy or computational prediction, G2, G3, and G4 are localized to either vacuole or cytosol. The isoflavone conjugates of chickpea cell suspension cultures are vacuolar localized (37) , and these compounds were found in the soluble fraction (cytoplasmic plus vacuolar contents) in Medicago. Cell fractionation studies suggested that chickpea isoflavone glucosidase activity was primarily cytoplasmic, whereas the malonylesterase activity responsible for the initial degradation of isoflavone-7-O-glucoside-6ЈЈ-malonate (38) was associated with the vacuolar membrane (37) . This type of enzyme has yet to be characterized at the molecular level.
MJ induced transcription of a set of ABC transporters, one or more of which might potentially function in transport of isoflavones or isoflavone glycosides from vacuole to cytosol. However, although it is believed that vacuolar transport of acylated anthocyanins is mediated by ABC transporters, the role of these proteins in the vacuolar transport of most other phenylpropanoid-derived natural products remains unclear, and it is generally assumed that these ATP-requiring transporters function to move compounds from the cytosol where ATP concentrations are high, rather than from the apoplastic or vacuolar compartments (39) . Other transporter types, such as members of the MATE family, also act to transport natural products into, rather than out of, the vacuole (40) . Interestingly, although YE induced secretion of polyphenolic metabolites from the Medicago cell cultures to the culture medium, MJ did not (M.A.F., R.A.D., and L.W.S., unpublished data), despite the induction of many ABC transporter genes. Further studies are required to determine whether any of these, or other MJ-induced transporters, play a role in isoflavone mobilization or sequestration, the nature of their substrates in vivo, and the subcellular sites of their action.
The exclusive localization of G1 to nuclei was surprising, although free or substituted flavanols or flavonols have been localized to plant nuclei (41) (42) (43) , and CHS and CHI localize to nuclei in several different cell types of Arabidopsis (44) . The significance of the almost exclusive presence of coumestrol and 4Ј,7-dihydroxyflavone aglycones in Medicago root nuclei is likewise not yet clear. G1 was the most highly expressed of the MJ-induced glucosidases; reverse genetic studies might reveal whether it plays a metabolic or regulatory role during the MJ-induced response.
A number of plant natural products, such as the cyanogenic glycosides (45), exist as inactive conjugates that are activated by hydrolysis of glycosidic bonds after physical damage to the cells. It is generally assumed that release of these compounds arises from mixing of substrate with previously sequestered glycosidases due to physical rupture of the vacuolar membrane. Our results indicate that the wound signal MJ induces de novo synthesis of glycosidases, facilitating release of prestored intermediates for the biosynthesis of defensive compounds (Fig. 5) . On the basis of its in vitro activity, probable subcellular localization, and similarity to soybean isoflavone glucosidase, G2 is the most likely candidate for involvement in turnover of formononetin glucoside during wound signal-induced medicarpin synthesis in M. truncatula.
Materials and Methods
Plant Material. Cell suspension cultures were initiated via callus from roots of M. truncatula Gaerth Jemalong (line A17), main-tained in a modified Schenk and Hildebrandt medium (46) , and subcultured every 10-14 days. Growth and elicitation of cell suspension cultures with YE or MJ was performed as described (13, 19) . Cells for oligo array analysis were harvested at 21 time points over a total of 48 h. All treatments and time points were represented by triplicate biological samples (i.e., culture flasks). Two-and 24-h elicited and control samples from the same time course were used for Affymetrix array analysis. Metabolite analyses were performed on cells from the passage before that used for transcript analysis; the pattern and timing of metabolite changes was very similar between the two passages (M.A. Microarray Analysis. Oligonucleotide microarrays representing 16,086 TC sequences, primarily from various M. truncatula EST sequencing projects (http://compbio.dfci.harvard.edu/tgi/cgibin/tgi/gimain.pl?gudb ϭ medicago) have been described (13, 15) . A reference design was used in which all RNA samples for both control and elicited cells were compared with RNA from a separate batch of nonelicited cells. Three biological replicates were used. The Affymetrix GeneChip Medicago Genome Array (Affymetrix, Santa Clara, CA), containing 61,200 Medicago probe sets, was also used for microarray analysis. RNA samples were prepared from cells exposed to YE or MJ for 2 or 24 h, along with the corresponding unelicited controls. Two biological replicates were used for minimal statistical treatment, and mean values for each treatment were divided by the corresponding control baseline values.
Isolation of RNA, hybridization of arrays, statistical analysis, and confirmation of results by RT-PCR are described in SI Text. Primers for use in RT-PCR are listed in SI Table 8 .
Cloning, Expression, and Purification of M. truncatula ␤-Glucosidases.
Full-length cDNA clones representing G1 (GenBank accession no. AW584653), G2 (GenBank accession no. AW684618), G3 (GenBank accession no. CX531312), and G4 (GenBank accession no. AW586688) were confirmed by sequencing. They were then cloned by PCR into pPICZA (G1, G4), pPICZ␣A (G2), or pPICZ␣C (G3) expression vectors (Invitrogen, Carlsbad, CA) using primers (SI Table 9 ) to introduce EcoRI/ApaI sites for G1 and G4 and EcoRI/SacII sites for G2 and ClaI/SacII sites for G3. All ␤-glucosidases were expressed as translational fusions carrying C-terminal hexa-histidine tags. Vectors carrying insertions were digested with SacI and transformed into P. pastoris X-33 cells. Individual colonies were cultured at 30°C overnight in BMGY medium, and expression was then induced in BMMY medium according to the EasySelect Pichia Expression kit manual (Invitrogen). Cultures were centrifuged, and pellets (G1 and G4) were resuspended in extraction buffer (50 mM sodium phosphate, pH 7.4/1 mM PMSF/1 mM EDTA/5% glycerol). Cells were disrupted by vortexing eight times with an equal volume of acid-washed glass beads (size 0.5 mm; Sigma-Aldrich, St. Louis, MO) and centrifuged, and the resulting supernatant was collected and used for purification of G1 or direct assay of G4. G2 and G3 were secreted into the medium, which was centrifuged, and concentrated 100-fold by using Amicon Ultra-15 centrifugal filter devices and Ultracel-30 k membranes (Millipore, Billerica, MA). Media concentrate was used for purification for G2 or direct assay of G3. G1 and G2 were purified with the MagneHis protein purification system kit (Promega, Milwaukee, WI).
Kinetic Analysis of ␤-Glucosidases. Standard assay of ␤-glucosidase activity is described in SI Text. For kinetic studies with G1 and G2, the rate of substrate hydrolysis was measured at 30°C by monitoring the continuous release of p-nitrophenol from pNPG at 400 nm with a DU800 spectrophotometer (Beckman Coulter, Fullerton, CA). Two micrograms of purified G1 or 1 g of purified G2 was added to reaction mixtures containing 100 mM citrate-phosphate buffer (pH 5.2) and 0-10 mM pNPG for G43298, or 0-1.5 mM pNPG for G2, in a total volume of 100 l.
Reactions with ononin, genistin, and apigenin-7-O-glucoside (0-250 M) were performed at 30°C in 50-l volumes containing 1 g of purified G1 or 0.5 g of G2 and 100 mM citratephosphate buffer (pH 5.2) and stopped with trichloroacetic acid after 15-min incubation for G1 or 10 min for G2. Reactions were extracted with 250 l of ethyl acetate, and 225 l of the organic fraction was dried under N 2 , resuspended in methanol, and analyzed by HPLC as described (47) . K m and K cat values were calculated by fitting the initial velocity data to Lineweaver-Burk double reciprocal plots.
3D Homology Modeling of M. truncatula G43298. The amino acid sequence of M. truncatula G1 was used to search the Protein Data Bank, in which cyanogenic ␤-glucosidase from white clover (T. repens) (ID no. 1CBG) was closest to G1, with 55.6% identity at the amino acid sequence level. The amino acid sequences of G1 and white clover ␤-glucosidases were realigned by using the Clustal W (1.82) method, and, subsequently, homology was modeled by using the program Modeler (48) with the structural coordinates retrieved from the protein database. Five models were generated and ranked by Model Rank bundled in the Modeler package. The top-ranked model was chosen and visualized under O (49). In the absence of elicitation, the cells gradually accumulate constitutive isoflavone glucosides and malonyl glucosides in the vacuole (green arrows). After exposure to the pathogen mimic YE, the pterocarpan phytoalexin medicarpin is synthesized de novo from L-phenylalanine and malonyl CoA (primary metabolism) (red arrows). Wounding induces MJ accumulation, which acts as a signal for transcriptional activation of isoflavone-specific ␤-glucosidases that localize to the vacuole and/or cytosol, where they convert conjugates to free isoflavones. The glycosides or aglycones may exit the vacuole via MJ-induced transporters (ABC transporters are shown, although the few studied to date operate in the opposite direction). This process may be initiated by removal of malonyl groups from the sugar unit of the isoflavone conjugates via a specific malonylesterase (ME). MJ induces the downstream enzymes of medicarpin biosynthesis (purple arrows), resulting in medicarpin production at the expense of preformed intermediates.
HPLC/MS Analysis. Extraction of phenolic compounds from cell suspension cultures and LC-MS analysis were performed as described (14) .
In Planta Transient Expression and Confocal Microscopy. Construction of ␤-glucosidase-EGFP fusions for particle bombardment or agro-infiltration is described in SI Text. One tobacco leaf or three detached M. truncatula A17 leaves were separated and distributed in the center of Petri dishes on wet filter paper. M. truncatula cell suspension cultures were filtered and placed in the Petri dish on 1% agarose. Particle bombardment with gold particles coated with plasmid DNA was performed as described (47) . The gene constructs were delivered into the plant tissues at a pressure of 650 or 1,100 p.s.i. for tobacco leaf or M. truncatula leaves and cells, respectively. Agro-infiltration is described in SI Text.
Images were collected by using a TCS SP2 AOBS laser scanning confocal microscope (Leica, Manheim, Germany).
EGFP was excited at 488 nm, and the emission window was set at 500-554 nm. Single focal plane EGFP images and Z-series images were composed of four integrated frames each, and Z-series were projected by using the maximum projection tool of the Leica confocal software. Autofluorescence of chloroplasts was imaged by using excitation at 568 nm and an emission window from 550 to 700 nm. 
